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ABSTRACT
Almost two-thirds of disk galaxies in the local universe host bars, which serve as important drivers
of secular evolutionary processes. While cosmological simulations are powerful tools to study the
formation and evolution of galaxies, they have often struggled to generate reasonable bar populations.
We measure the fraction, size, and strength of bars in 3866 disk galaxies from the TNG100 run
of the advanced cosmological simulation IllustrisTNG. Consistent with observations, about 55% of
disk galaxies with stellar mass M∗ ≈ 1010.6M⊙ are barred, and the relation between bar size and
total stellar mass is similar to that found in near-infrared surveys. However, the formation of bars
is suppressed in galaxies with M∗ < 10
10.6M⊙, which may result from the difficulty TNG100 has
in resolving short bars with radius < 1.4 kpc. In contrast, up to 75% of massive disk galaxies with
M∗ > 10
10.6M⊙ have bars, ∼ 10% − 20% higher than observed. TNG100 overproduces relatively
short bars (radius ∼ 1.4− 3 kpc) with respect to the mass-bar size relation observed in near-infrared
surveys. Tracing the progenitors of z = 0 massive galaxies we find that the bar fraction increases
from 25% to 63% between z = 1 and 0. Instead if we select all disk galaxies during z = 0 − 1 with a
constant mass cut of M∗ > 10
10.6M⊙ we find that the bar fraction is a nearly constant 60%.
Unified Astronomy Thesaurus concepts: SB Galaxies (136); Galactic structure (622); Astron-
omy simulations (1855)
1. INTRODUCTION
Observational surveys show that about two-thirds of
disk galaxies in the local Universe host a bar (e.g.,
Eskridge et al. 2000; Mene´ndez-Delmestre et al. 2007;
Erwin 2018). Galactic bars are expected to play an
important role in the secular evolution of disk galax-
ies (see the reviews by Kormendy & Kennicutt 2004;
Kormendy 2013). Bars can funnel gas efficiently to-
ward the central regions of galaxies (e.g., Athanassoula
1992; Kim et al. 2012; Li et al. 2015), possibly triggering
nuclear starbursts (Hunt & Malkan 1999; Jogee et al.
2005) and even fueling active galactic nuclei (e.g.,
Ho et al. 1997; Lee et al. 2012; Cheung et al. 2013;
Goulding et al. 2017). In turn, short bars of ∼ 1
kpc radius can be destroyed by the growth of central
concentration of galaxies (Du et al. 2017). The de-
struction of such bars may contribute to the growth
of bulges without a merger involved (Guo et al. 2020).
Furthermore, the vertical buckling instability of bars
produces boxy/peanut-shaped bulges (Raha et al. 1991;
Merritt & Sellwood 1994), which has considerable ob-
servational support in our own Galaxy (Shen et al. 2010)
and other galaxies (Erwin & Debattista 2016; Li et al.
2017).
Bars form quickly once a dynamically cool disk has
settled (see the review by Sellwood 2014, and ref-
erences therein). They are likely to grow longer
and stronger by transferring angular momentum out-
ward into the dark matter halo (Debattista & Sellwood
1998, 2000; Athanassoula 2003). The internal dynam-
ics of how and why bars form has been addressed
in many reviews (Toomre 1981; Sellwood & Wilkinson
1993; Binney & Tremaine 2008; Sellwood 2013). How-
ever, it is still unclear why some galaxies have bars, while
others do not (Sellwood et al. 2019). In order to better
understand how bars form and what role bars really play
in the evolution of disk galaxies, it is fundamental to de-
termine what kind of galaxies do or do not host bars.
The bar fraction has long been studied ob-
servationally. Early photographic work (e.g.,
de Vaucouleurs et al. 1991) found that 65% of bright
nearby galaxies host bars. The bar fraction de-
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creases to ∼ 30% if only strong bars are considered
(see also Sandage & Tammann 1987). These results
have been supported by subsequent optical and near-
infrared (NIR) studies. For example, NIR obser-
vations show that about 60% of local disk galaxies
host bars (Eskridge et al. 2000; Knapen et al. 2000;
Marinova & Jogee 2007; Mene´ndez-Delmestre et al.
2007; Dı´az-Garc´ıa et al. 2016; Erwin 2018), whereas
studies based on the Sloan Digital Sky Survey (SDSS;
York et al. 2000) find a significantly lower total bar frac-
tion (25% − 40%) (Barazza et al. 2008; Aguerri et al.
2009; Nair & Abraham 2010a,b; Masters et al.
2011, 2012; Skibba et al. 2012; Gavazzi et al. 2015;
Consolandi 2016). This disagreement is likely due to
the limitations of SDSS data (Erwin 2018). The moder-
ate spatial resolution of SDSS images may preclude the
identification of short and weak bars that are common
in less massive galaxies.
The incidence of bars depends on the stellar mass of
the host galaxy. NIR studies (e.g. Dı´az-Garc´ıa et al.
2016; Erwin 2018) show that the bar fraction increases
with stellar mass in less massive galaxies with M∗ <
109.7M⊙, but remains nearly constant at 50%− 60% in
more massive galaxies. Bar sizes also depend on galaxy
stellar masses. Dı´az-Garc´ıa et al. (2016) and Erwin
(2018, 2019), using NIR data from the Spitzer Survey of
Stellar Structure in Galaxies (S4G; Sheth et al. 2010),
find a bimodal relationship between bar size and stellar
mass: bar size is nearly constant at ∼ 1.5 kpc in galaxies
with M∗ . 10
10.2M⊙, while at higher M∗ the bar size
scales as ∝M0.56∗ .
Numerical simulations are powerful tools to study the
formation and evolution of bars, and the role they play
in secular evolution. Although the dynamical influence
of bars has been studied in great detail using individ-
ual cases (e.g., Curir et al. 2006; Kraljic et al. 2012;
Guedes et al. 2013; Goz et al. 2015; Debattista et al.
2019), a full, systematic understanding of bars needs a
statistically large enough sample of barred galaxies from
cosmological simulations. Recent cosmological simula-
tions have been able to generate realistic galaxies with
reasonable bulge-to-disk ratios (Huertas-Company et al.
2019; Park et al. 2019; Tacchella et al. 2019; Du et al.
2020), as a result of the significant progress made in
modelling galaxy formation physics (Agertz et al. 2011;
Guedes et al. 2011; Aumer et al. 2013; Stinson et al.
2013; Marinacci et al. 2014; Rosˇkar et al. 2014;
Murante et al. 2015; Col´ın et al. 2016; Grand et al.
2017). Additionally, increasing computational power
has permitted an increased resolution of such simula-
tions, enabling bars to be resolved above a certain mass
limit. However, it is still challenging to reproduce bar
fractions as high as those measured in observations. For
example, Algorry et al. (2017) showed that only ∼ 40%
of massive disk galaxies with M∗ = 10
10.6 − 1011M⊙ in
the EAGLE simulation (Crain et al. 2015; Schaye et al.
2015) have bars at z = 0. The bar fraction in the
original Illustris cosmological simulation (Genel et al.
2014; Vogelsberger et al. 2014) is even lower (26%) for
disk galaxies with M∗ > 10
10.9M⊙ (Peschken &  Lokas
2019).
The advanced version of Illustris, named IllustrisTNG,
reproduces realistic galaxies that successfully emulate
real galaxies in many aspects. Recent studies have
concluded that the bar fractions amongst disk galax-
ies in the IllustrisTNG simulation are consistent with
observations. For example, Rosas-Guevara et al. (2020)
found that bars can be detected in 40% of IllustrisTNG
disk galaxies with M∗ > 10
10.4M⊙ at z = 0, and
Zhou et al. (2020) reported that 55% of disk galaxies
with M∗ > 10
10.5M⊙ have bars. However, these studies
use the Fourier method, while bars are generally iden-
tified by an ellipse fitting method in observations. In
this paper, we revisit the bar fraction of disk galax-
ies in the IllustrisTNG simulation by the ellipse fitting
method, and we compare systematically our derived bar
sizes with observations.
This paper is organized as follows. We introduce the
IllustrisTNG simulation in Section 2. Section 3 presents
how the parent disk galaxies are selected. The methods
we use to identify and measure bars are described in
Section 4, where we also present a catalog of barred
galaxies. Section 5 discusses the main results for redshift
z = 0. The evolution of the bar fraction at z = 0 −
1 is presented in Section 6. We summarize our main
conclusions in Section 7.
2. THE IllustrisTNG SIMULATION
IllustrisTNG is an advanced magneto-hydrodynamical
cosmological simulation (Marinacci et al. 2018;
Naiman et al. 2018; Springel et al. 2018; Nelson et al.
2018; Pillepich et al. 2018b) run with the moving-
mesh code AREPO (Springel 2010). As described in
Weinberger et al. (2017) and Pillepich et al. (2018a),
IllustrisTNG uses an updated version of the Illustris
galaxy formation model. We use the TNG100 run,
the highest resolution version that is publicly accessi-
ble (Nelson et al. 2019). It simulates a volume with
side length 75h−1 ≈ 111 Mpc. The average mass of
the baryonic resolution elements in TNG100 reaches
1.39 × 106M⊙. The gravitational softening length of
the stellar particles is set to 0.5h−1 ≈ 0.74 kpc.
The optical morphologies of the galaxies in TNG100
are in good agreement with observations of local galaxies
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(Huertas-Company et al. 2019; Rodriguez-Gomez et al.
2019). A systematic comparison between the Il-
lustrisTNG simulation and the Pan-STARRS survey
showed that the optical size and shape of TNG100 galax-
ies are consistent with observations within the ∼ 1 σ
scatter of the observed trends (Rodriguez-Gomez et al.
2019). Beyond the basic morphological bulge-disk
decomposition, TNG100 also successfully reproduces
complex dynamic structures. For example, Xu et al.
(2019) found that the relative fractions of the cold,
warm, and hot orbital components in TNG100 galax-
ies are remarkably consistent with those estimated from
integral-field spectroscopic observations of nearby galax-
ies (Zhu et al. 2018). Furthermore, decomposing the
simulated TNG100 galaxies into their intrinsic kine-
matic structures (Du et al. 2019) produces individual
components that closely resemble physically familiar
galaxy components (Du et al. 2020).
In this paper, the dark matter halos in each simu-
lation snapshot are from the catalog provided by the
IllustrisTNG simulation, which are identified by using
the friend-of-friend algorithm (Davis et al. 1985), and
subhalos in each halo are further identified using the
SUBFIND algorithm (Springel et al. 2001; Dolag et al.
2009). A galaxy is defined to be a gravitationally bound
object with non-zero stellar mass within the halo or sub-
halo. We define the center of each galaxy as the mini-
mum of the gravitational potential. The z-axis of each
galaxy is oriented with the total angular momentum vec-
tor of its stars within 0.1 times the virial radius.
3. PARENT SAMPLE OF DISK GALAXIES
We select 6507 galaxies at redshift z = 0 with stellar
masses M∗ > 10
10.0M⊙ calculated within a radius of
30 kpc. This criterion ensures that every galaxy has
enough stellar particles (> 104) to resolve its struc-
ture. The sample of disk galaxies is then chosen based
on the fraction of kinetic energy in ordered rotation
(Sales et al. 2010). The parameter krot measures the
mass-weighted average value of v2φ/v
2 within 30 kpc,
where vφ is the azimuthal velocity and v the total ve-
locity of each star particle. Thus, krot = 1/3 for a
spheroidal galaxy that is completely dominated by ran-
dom motions. Defining disk galaxies with the criterion
krot > 0.5 yields a parent sample of 3866 galaxies, or
59% of all galaxies in this mass range. This fraction
is consistent with the observational frequency of disk
galaxies of M∗ > 10
10.0M⊙ determined by Conselice
(2006) using the Third Reference Catalogue of Bright
Galaxies (de Vaucouleurs et al. 1991).
4. BAR DETECTION AND CHARACTERIZATION
4.1. Method: Ellipse Fitting
We fit ellipses to the isodensity contours of the face-
on surface density maps of the TNG100 disk galaxies
with the IRAF task ellipse. This method measures
the radial profiles of ellipticity (ε), position angle (PA),
and surface density of a galaxy. It has been widely used
as an efficient method for detecting bars in observed
galaxies (e.g., Jogee et al. 2004; Marinova & Jogee 2007;
Aguerri et al. 2009; Li et al. 2011; Consolandi 2016),
and it can be similarly applied to our current sample
of simulated galaxies. Stellar particles are binned into
square bins of 350× 350 pc2, which correspond to sides
equal to half the gravitational softening radius. We use
the same bar identification criteria as Marinova & Jogee
(2007): (1) within the bar, the maximum value of ε
should be > 0.25 and the PA should vary by < 10◦;
and (2) ε decreases by > 0.1 outward from the maxi-
mum. We refer the reader to Marinova & Jogee (2007)
for further discussion of these bar identification criteria.
In addition to automatic ellipse fits, we further visually
inspect the images to ensure reasonable morphologies
of the identified barred galaxies. We find that ∼ 3%
of the barred galaxies are misclassified as having bars,
whereas they really have irregular structures in the inner
regions. We exclude them to ensure no contamination
in the barred galaxies. Figure 1 shows examples of an
unbarred galaxy and two barred galaxies.
4.2. Strength and Size of Bars
Following common practice (e.g., Jogee et al.
1999; Knapen et al. 2000; Laine et al. 2002a;
Marinova & Jogee 2007; Herrera-Endoqui et al. 2015),
we quantify the bar strength by the maximum value of
ε, which we designate εmax. Bars with εmax > 0.4 are
classified as strong bars, and as weak bars otherwise.
This threshold is the same as that used in observations
(e.g., Jogee et al. 2004; Barazza et al. 2008).
As noted by previous studies (e.g., Dı´az-Garc´ıa et al.
2016), bar size measurements are ambiguous and de-
pendent on the method chosen. We adopt two methods
to estimate the semi-major axis of bars to capture
some of the uncertainty in bar sizes. In the first in-
stance, R0.85max is the radius where ε declines to 85%
of the maximal value. In their systematic study of bars
based onN -body simulations, Martinez-Valpuesta et al.
(2006) suggested that R0.85max can be used as a
reliable estimator of bar size. The second choice
for bar size, Rmax, defined as the radius at εmax,
has been commonly used (e.g., Wozniak et al. 1995;
Jungwiert et al. 1997; Laine et al. 2002b; Sheth et al.
2003), although both observational (Wozniak & Pierce
1991; Laurikainen & Salo 2002; Erwin & Sparke
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Figure 1. Example of (left) an unbarred galaxy, (middle) a weakly barred galaxy, and (right) a strongly barred galaxy identified
by analysis of the elliptical isodensity contours of face-on mass surface density maps of TNG100 galaxies. The face-on and edge-
on surface density maps are shown in the first row. The radial profiles of ε, PA, and surface density measured by ellipse fitting
are shown in the following rows. The maximum ellipticity (εmax) is given in the ε panel. For the barred galaxies, the dashed
ellipse and vertical dashed line mark Rmax, and the solid ellipse and vertical solid line mark R0.85max.
Figure 2. Comparison of R0.85max with Rmax for TNG100
barred galaxies. The dashed line is the best-fit relation:
logR0.85max = 0.96 logRmax + 0.14. The dotted line is the 1
to 1 relation.
2003) and theoretical (Rautiainen & Salo 1999;
Athanassoula & Misiriotis 2002; O’Neill & Dubinski
2003; Athanassoula 2005; Michel-Dansac & Wozniak
2006) studies have suggested that Rmax may underesti-
mate the true bar size. The middle and right panels of
Figure 1 show clearly that R0.85max (solid ellipse) better
matches the visual extent of the bar, both for the weak
and strong bar examples. By comparison, Rmax (dashed
ellipse) somewhat underestimates the bar size. Figure 2
shows that R0.85max is statistically larger than Rmax
by ∼ 0.14 dex in TNG100, with the best-fit relation of
logR0.85max = 0.96 logRmax + 0.14.
An inner boundary of ellipse fitting is set at the central
region of semi-major radius of 4 pixel. It excludes the
regions where the results of ellipse fits are unreliable.
We have visually checked that the inner boundary is
neither too small nor too large to conduct reasonable
bar measurements. It is worth mentioning that Rmax of
∼ 10% of the identified barred galaxies is equal to the
value of such an inner boundary of ellipse fits, due to the
fact that the ellipticities of these galaxies keep increasing
towards the galactic centers. We found no clear bulges
formed in these galaxies, which may explain the increase
of ellipticities. Rmax thus is likely to underestimate bar
sizes. Instead, R0.85max is generally consistent with our
visual judgement of the bar sizes in TNG100 galaxies,
exhibiting a weaker dependence on the inner boundary.
Therefore, we regard R0.85max as the standard bar size
in this paper.
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Table 1. Properties of Barred Galaxies
Galaxy logM∗ krot εmax Rmax R0.85max
ID (M⊙) (kpc) (kpc)
(1) (2) (3) (4) (5) (6)
194950 10.79 0.58 0.67 3.40 4.77 +0.01−0.16
197110 10.95 0.57 0.57 1.80 3.30 +0.01−0.04
197112 10.68 0.60 0.50 2.45 3.07 +0.01−0.08
197114 10.49 0.63 0.30 1.40 1.63 +0.09−0.36
199322 10.69 0.62 0.60 1.41 2.59 +0.08−0.04
327406 10.54 0.55 0.37 1.71 2.38 +0.00−0.05
328253 10.57 0.56 0.42 2.35 3.33 +0.02−0.12
328679 10.84 0.58 0.65 3.51 5.50 +0.02−0.39
330209 10.52 0.57 0.57 2.47 3.30 +0.02−0.18
330956 10.27 0.53 0.55 1.47 1.73 +0.00−0.02
Note—Col. (1): Galaxy ID. Col. (2): Stellar mass
of host galaxy measured within a sphere of 30 kpc
radius centered on the galaxy. Col. (3): Fraction
of kinetic energy in ordered rotation. Col. (4): Bar
strength, defined as the maximum ellipticity. Col.
(5): Bar size measured at maximum ellipticity. Col.
(6): Bar size defined as the radius where the ellip-
ticity declines to 85% of the maximum value, with
uncertainties caused by inner boundary and pixel
size.
The uncertainty of R0.85max for each barred galaxy
caused by both the artificial selection of the inner bound-
ary and pixel size is shown by error bars in Figure 4.
Here we vary the inner boundary from 2.3 to 4.3 pix-
els. We also repeat the same analysis on the images
of pixel size 175x175 pc2 and 700x700 pc2. These ex-
periments show that the bar fraction and bar strength
are not significantly affected by the selection of inner
boundary and pixel size. Table 1 gives the bar properties
for all the barred galaxies; an extract is presented here
while the full table is published electronically (www.tng-
project.org/zhao20).
5. BARS AT Z = 0
In this section we consider the properties of bars in
the TNG100 disk galaxies at z = 0. We use surface
mass density maps to derive quantities that are com-
pared with observations, as well as to obtain the intrinsic
properties of bars.
5.1. Bar Fractions
Figure 3. Bar fractions fbar in the disk galaxies of TNG100
(filled dots). The dark blue dots represent the overall bar
fraction in TNG100 while the cyan ones show the fraction
if short bars in massive galaxies are excluded (as described
in Section 5.2). The blue shaded area shows the uncertainty
in fbar from variations in choosing the short bars (see Fig-
ure 4). The values of fbar from the NIR observations of S
4G
(open symbols) are adopted from Dı´az-Garc´ıa et al. (2016)
and Erwin (2018). Bars in Dı´az-Garc´ıa et al. (2016) are
identified by ellipse fitting, as we do here. Erwin (2018)
excludes S0 galaxies and identified bars by visual inspec-
tion, which leads to slight differences with Dı´az-Garc´ıa et al.
(2016). The step-filled histogram and diamonds show the
bar fractions estimated by Rosas-Guevara et al. (2020) and
Zhou et al. (2020), respectively, where bars are identified by
the Fourier method.
The fraction of barred galaxies as a function of M∗ in
the parent disk sample is shown in Figure 3. It is well
known that bars are generally more prominent in NIR
bands because of lower dust attenuation in their central
regions (Thronson et al. 1989; Block & Wainscoat 1991;
Spillar et al. 1992). Thus, we compare the bar fraction
in TNG100 with statistics derived from the S4G NIR
survey. The bar fraction in TNG100 increases with stel-
lar mass over the mass range M∗ = 10
10 − 1011M⊙,
while it remains almost constant, at fbar ≈ 0.5 − 0.6,
over the same mass range for the S4G galaxies. TNG100
and S4G reach a similar bar fraction in galaxies with
M∗ ≈ 1010.6M⊙. However, the discrepancy in fbar be-
comes significant in galaxies of lower and higher mass.
Evidently TNG100 galaxies at M∗ < 10
10.6M⊙ host
fewer bars compared to real galaxies, implying that they
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either do not generate them in the first place or that they
have trouble maintaining them after formation. Con-
versely at the massive end (M∗ & 10
10.6M⊙), TNG100
produces ∼ 20% more bars than the NIR observations,
resulting in a bar fraction up to 75% compared with the
lower S4G fraction of ∼ 50%.
As shown in Figure 3, our results are roughly consis-
tent with the trends obtained by the Fourier method
in both Rosas-Guevara et al. (2020) and Zhou et al.
(2020). Our bar fractions, however, are generally ∼
0.1−0.2 larger than that of Zhou et al. (2020) who used
a disk galaxy sample similar to ours. The reason is that
the Fourier method is not as sensitive as ellipse fitting
for finding short bars (see Section 5.3 for details).
Since TNG100 barred galaxies are identified by mass
density maps, the main conclusions are based on com-
parison with NIR observations, which are much more
reliable in determining the overall mass distribution in
galaxies and minimize the possibility of missing bars due
to dust obscuration or confusion from bright young stel-
lar populations suffered in optical observations. Never-
theless, for completeness we present a comparison with
SDSS-based bar fractions in Appendix A.
Simulations of isolated disk galaxies show that
bars grow more slowly in dynamically hotter disks
(Athanassoula & Sellwood 1986). Cosmological simu-
lations typically suffer from overheating, particularly
in less massive galaxies, whose low particle number
may suppress or delay bar formation. Comparison
with higher resolution runs will be needed to ascertain
whether the suppressed bar fraction in the less massive
galaxies is predominantely due to the low numerical res-
olution of TNG100.
The overproduction of bars in the more massive galax-
ies clearly requires a different explanation. The bar frac-
tion in TNG100 peaks at M∗ ≈ 1010.9M⊙, where it
reaches 75%, while only ∼ 50% of S4G disk galaxies host
bars. It is worth mentioning that S0 galaxies, which are
highly incomplete in S4G, are excluded by Erwin (2018)
but not by Dı´az-Garc´ıa et al. (2016). This has a small
effect on the bar fraction in massive galaxies, as illus-
trated in Figure 3. In the next subsection, we study the
bar sizes to explore whether the overproduction of bars
in TNG100 is somehow related to their size.
5.2. Bar Properties
The top panel of Figure 4 shows that bar strength
in TNG100 galaxies varies widely in the range εmax ≈
0.2 − 0.8, independent of stellar masses. This is quali-
titively consistent with the distribution of bar strength
from NIR observations (e.g., Dı´az-Garc´ıa et al. 2016).
Figure 4. Distribution of (top) bar strength (εmax) and
(bottom) bar size (R0.85max) versus galaxy stellar mass (M∗).
In the top panel, the dash-dotted horizontal line shows the
threshold used to separate strong and weak bars. In the
bottom panel, the dashed line represents the best-fit rela-
tion between bar size and stellar mass derived for S4G by
Erwin (2019), with the grey shaded area showing the region
occupied by S4G barred galaxies. The blue shaded region
represents the uncertainty of the lower boundary, from the
difference between the samples of Dı´az-Garc´ıa et al. (2016)
and of Erwin (2018, 2019). The red dots highlight the mas-
sive TNG100 disk galaxies with short bars that are outside
of the grey shaded area. The grey dots are the rest of the
TNG100 barred galaxies. The error bars of red dots and
grey dots are the uncertainties of inner boundary and pixel
size. The large dark blue dots with error bars mark the me-
dian bar size and the 16 and 84 percentile at each mass bin
for the overall sample of TNG100 barred galaxies; the large
cyan dots give the statistics with the short bars in massive
galaxies excluded. The dotted line shows the relation be-
tween stellar mass and median bulge effective radius of local
galaxies (Berg et al. 2014).
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Figure 5. Examples of massive disk galaxies with rela-
tively short bars. Their stellar masses cover M∗ = 10
10.6
−
1011.0 M⊙.
We notice in Section 4.2 that R0.85max is consistent
with the visual radius of TNG100 bar, while Rmax un-
derestimates bar size. Therefore, R0.85max is taken as
the standard bar size in this paper to compare with
the S4G results of Erwin (2018, 2019). As shown in
Erwin (2018, 2019), many bars in S4G galaxies with
M∗ . 10
10.6M⊙ are shorter than 1.4 kpc. Because we
run the ellipse fitting with a inner boundary, the lower
limit of the measured R0.85max is close to 1.4 kpc. Thus,
galaxies with bar sizes smaller than 1.4 kpc cannot be
identified in TNG100, partially explaining the drop in
the bar fraction in the mass range of M∗ . 10
10.6M⊙
(Figure 3).
Dı´az-Garc´ıa et al. (2016) and Erwin (2018, 2019)
showed that bars follow an empirical relation between
bar size and total stellar mass, becoming larger in galax-
ies with M∗ & 10
10M⊙. TNG100 barred galaxies fol-
low a similar, but shallower, trend in the mass range
M∗ ≈ 1010.2 − 1010.8M⊙ (large dark blue dots with
error bars in the bottom panel of Figure 4). In this
mass range, the median size of the TNG100 bars is
slightly shorter than that measured in the S4G survey.
Relatively shorter bars (red dots) are present toward
the high-mass end, falling below the lower boundary of
Erwin (2019, grey shaded region1). Three examples of
such short bars are shown in Figure 5.
The question of whether S4G can detect short bars
in the massive galaxies therefore naturally arises. Using
the S4G spiral galaxies at distance of . 30 Mpc, Erwin
(2018) claimed that bars as short as 0.33 kpc can be re-
solved, as confirmed by the high incidence of short bars
in less massive galaxies (M∗ < 10
10M⊙; Erwin 2018).
A possible observational bias can arise if short bars are
missed when they coexist with a massive bulge, which
lowers the contrast and lowers εbar. The black dotted
line in the bottom panel of Figure 4 represents the me-
dian effective radii of bulges derived from over 105 lo-
cal galaxies (Berg et al. 2014). Bars with sizes longer
than the bulge effective radii are unlikely to be missed
in observations. Accordingly, the lack of massive galax-
ies with relatively short bars detected by S4G, especially
the absence of barred galaxies in the region between the
lower boundary of the grey shaded region and the black
dotted line, implies that such short-bar galaxies are ex-
tremely rare in the local Universe. The foregoing consid-
erations leads us to conclude that TNG100 overproduces
short bars in massive galaxies. If these excess relatively
short bars (red dots in Figure 4) are counted as unbarred
galaxies, the overall bar fraction (cyan dots in Figure 3)
come into a good agreement with the NIR observations.
Though the median values of bar sizes (large cyan dots
in Figure 4) are still somewhat smaller than the obser-
vations, the discrepancy is not significant, considering
the large uncertainty in bar measurements.
The bar sizes used in Erwin (2018, 2019) were esti-
mated visually. Their results are comparable with those
obtained by R0.85max in TNG100. As Rmax is smaller
than R0.85max, there is no doubt that an even larger
number of short bars will be found in comparison with
the bar sizes from S4G. If these short bars in massive
galaxies are counted as unbarred galaxies, the overall
bar fraction and bar sizes become more consistent with
the NIR observations. Therefore, different definitions of
bar size do not change our main conclusions.
Moreover, in Rosas-Guevara et al. (2020) bar sizes
are defined as the radius at the maximum A2.
1 The grey shaded region in Figure 4 is defined by requiring that
no S4G barred galaxies lie outside this region.
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Dı´az-Garc´ıa et al. (2016) showed that visually estimated
bar sizes are larger than those defined at A2 maximum
by a factor of ∼ 1.3. Therefore, it is not surprising that
the bar sizes measured by Rosas-Guevara et al. (2020)
could be as small as ∼ 1.1 kpc. Consistently, Figure
3 of Rosas-Guevara et al. (2020) also shows some short
bars in massive galaxies which are scarcely observed in
observations.
5.3. Uncertainties Due to Selection Criteria
The bar fraction may also be affected by the criteria
used to select disk galaxies in the first place. Can the
difference between TNG100 and observations be caused
by the selection criteria for disk galaxies? We investigate
this issue here.
The literature employs five widely used sets of criteria
to select disk galaxies:
1. Konly: All rotation-dominated galaxies are in-
cluded by setting the rotation criterion krot > 0.5.
This is the criterion used in this paper.
2. KF: In addition to krot > 0.5, the morphological
flatness criterion M1/
√
M2M3 6 0.5 is imposed,
where where M1, M2, and M3 are the eigenvalues
of the mass tensor of the stellar mass inside 2re and
M1 < M2 < M3. These criteria select rotation-
dominated galaxies with disky morphologies and
are similar to those employed by Algorry et al.
(2017) in the EAGLE simulation.
3. KFsSFR: This set of criteria selects disk galax-
ies satisfying not only the KF criteria but also
require the specific star formation rate sSFR >
10−10.75 yr−1, defined as the ratio between the star
formation rate (SFR) and stellar mass. The SFR
is derived by summing up the stars formed over
the last 1 Gyr within 2re (Donnari et al. 2019).
Disk galaxies selected by these criteria are likely
to be mainly late-type galaxies on the star-forming
main sequence (see Donnari et al. 2019; Xu et al.
2019), avoiding early-type galaxies.
4. DTF: Disk galaxies are selected by requiring a
disk-to-total mass ratio D/T > 0.2 and flatness
M1/
√
M2M3 6 0.7. The mass fraction of the disk
component is kinematically derived by the method
described in Abadi et al. (2003), Marinacci et al.
(2014), and Genel et al. (2015), which sums up the
stellar particles within 2re having circularity pa-
rameter ǫ > 0.7. This criterion has been applied
in both the original Illustris (Peschken &  Lokas
2019) and TNG100 (Zhou et al. 2020) data.
Figure 6. Effect of the criteria used to select disk galaxies
on the resulting bar statistics. The disk galaxies are selected
by five sets of criteria: Konly, KF, KFsSFR, DTF, and BDT.
The top, middle and bottom panel show the distributions as
a function of stellar mass of the disk galaxies and of the
barred galaxies, and of the resulting bar fractions, respec-
tively.
5. BDT: Disk galaxies are selected by D/T > 0.5
and (B/T + D/T ) > 0.7, where the kinemati-
cally derived mass fraction of the bulge (B/T ) is
twice the mass fraction of counter-rotating stel-
lar particles (ǫ < 0). These criteria, used by
Rosas-Guevara et al. (2020) for TNG100, tend to
select strongly rotating disk galaxies, while galax-
ies that host significant warm components (e.g.,
thick disks and pseudo bulges) are excluded.
The five sets of criteria (Konly, KF, KFsSFR, DTF,
and BDT) select 3866, 2291, 1664, 4015, and 795 disk
galaxies, yielding 1182, 689, 299, 1316, and 163 barred
galaxies, respectively. Apparently, the selection criteria
become progressively stricter from Konly to KF to KF-
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Figure 7. Examples of an unbarred (top panels) and a
barred (bottom panels) galaxy, viewed face-on and edge-on.
Both galaxies are selected as disks ccording to the Konly cri-
terion, but not using the BDT criterion. They both clearly
have a disk morphology, and the bottom galaxy exhibits
quite a long, obvious bar.
sSFR, resulting in fewer total disk and barred galaxies
selected. The BDT criteria give the lowest number of
galaxies.
The top and middle panel of Figure 6 show that KF
(red and purple) gives a similar sample of disk (barred)
galaxies as Konly (cyan and blue) in the high-mass end,
but relatively fewer galaxies at low masses, suggesting
that many rotation-dominated low-mass galaxies appear
too thick and relatively spheroidal. Adding the sSFR
condition (KFsSFR; lime and green) further removes
relatively more quiescent galaxies at the high-mass end;
this would select against S0 galaxies and bias the sample
toward late-type disk galaxies.
The DTF criterion (black and grey) selects a similar
sample of disk (barred) galaxies as our adopted standard
Konly criterion. However, our ellipse fitting method
identifies ∼ 10% more barred galaxies compared to the
Fourier method applied by Zhou et al. (2020) (see Fig-
ure 3). Comparing the barred galaxies identified inde-
pendently by these two methods, we verified that the
Fourier method is not as sensitive as ellipse fitting for
finding short (bar size less than 2.5 kpc) and weak (bar
strength less than 0.4) bars. Within the mass range
in which our studies overlap (M∗ > 10
10.25M⊙), only
22% of the short and weak bars we found are identi-
fied successfully in Zhou et al. (2020). For stronger and
longer bars, the difference between these two methods
are negligible. It is worth emphasizing that 43% of the
short bars overproduced in TNG100 massive (M∗ >
1010.6M⊙) galaxies (see Section 5.2) are also identi-
fied by Zhou et al. (2020). Thus, our conclusion that
TNG100 overproduces short bars in massive galaxies
is confirmed qualitatively in the analysis of Zhou et al.
(2020).
The BDT criteria (yellow and gold) select the small-
est sample over the entire mass range, missing a large
number of disk galaxies, barred or otherwise. Applying
these criteria, Rosas-Guevara et al. (2020) select only
270 disk galaxies with M∗ & 10
10.4M⊙. Figure 7 shows
an example of an unbarred and barred galaxy selected
by Konly but excluded from the BDT sample. There
is little doubt that these cases should have been in-
cluded. There are two possible reasons why the BDT
criteria miss the majority of disk galaxies in TNG100,
especially those with strong (bar strength larger than
0.55) and long (bar size larger than 3 kpc) bars. First,
many TNG100 galaxies have a massive warm disk. As
shown by Du et al. (2020, Figure 9), the kinematically
derived warm disk contributes ∼ 35% of the total stellar
mass. Secondy, particles on bar orbits necessarily have
smaller circularity, and hence they are more likely to be
classified as belonging to the hotter components instead
of the cold disk2. These reasons probably explain why
we find that BDT misses disk galaxies with strong (bar
strength larger than 0.55) and long (bar size larger than
3 kpc) bars.
Although different criteria select very different sam-
ples of disk galaxies, their bar fractions follow a surpris-
ingly similar tendency to increase systematically with
stellar mass (bottom panel of Figure 6). The uncertainty
in bar fraction resulting from differences in selection cri-
teria is less than 15% across almost the entire mass
range. Thus, the inconsistency between TNG100 and
observations cannot be explained by the criteria used to
select disks in TNG100.
6. EVOLUTION OF BARS
We study the evolution of the bar fraction at z = 0
to 1 using two methods. First, at all redshifts, the
sample of massive disk galaxies is selected using the
same criteria, krot(z) > 0.5 and a constant mass cut of
M∗ > 10
10.6M⊙. The ellipse fitting method is applied
to the face-on view of the mass surface density maps.
Figure 8 shows that the total bar fraction (solid blue
2 See Figure 12 in Du et al. (2019) for an example.
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Figure 8. Bar fraction (fbar) as a function of redshift. Solid
blue dots correspond to the bar fraction evolution for the
sample selected by a constant mass cut of M∗ > 10
10.6 M⊙.
Solid magenta dots show the bar fraction evolution with an
additional criterion of R0.85max(z) > 2.2 kpc. The solid light
blue triangles show bar fraction evolution obtained by tracing
the progenitors of the galaxy sample selected at z = 0. Ob-
servational data are from Mene´ndez-Delmestre et al. (2007),
Sheth et al. (2008), Cameron et al. (2010), Melvin et al.
(2014).
dots) is nearly constant, increasing slightly from 0.57 at
z = 1 to 0.63 at z = 0. The left column of Figure 9
shows that, using this method, disk or barred galaxies
have a similar number distribution over z = 0 − 1, and
the bar fraction at all redshifts roughly follows a sim-
ilar trend. Additionally, Figure 10 shows that during
the past 6 Gyr bars have maintained nearly constant
strength (εmax ≈ 0.5), while the bar sizes have grown
by 0.17 dex.
The second method aims to trace the progenitors of
z = 0 disk galaxies with M∗ > 10
10.6M⊙. The pro-
genitor of each galaxy corresponds to the most massive
one in its merger tree created by the SUBLINK algorithm
(Rodriguez-Gomez et al. 2015). We have confirmed that
most of the progenitors are already rotation-dominated
objects with M∗ > 10
10M⊙ since z = 1. Figure 8
shows that the total bar fraction (solid light blue tri-
angles) increases quickly from fbar = 25% at z = 1 to
fbar = 63% at z = 0. This result suggests that a large
fraction of bar structures form at z < 1. As shown in the
right column of Figure 9, most bar structures form when
disk galaxies grow more massive than M∗ & 10
10.5M⊙.
Consistent with the results of the first method, the bar
strengths are nearly constant, and the bar sizes grow
similarly during z = 0− 1. The increase of bar size with
time qualitatively supports the picture that bars grow
longer from outward transport of angular momentum
(Debattista & Sellwood 2000; Athanassoula 2004). The
results discussed above suggest that bars have already
existed in a large fraction of massive disk galaxies at
z = 1. However, many such high-z massive (barred) disk
galaxies become elliptical galaxies with krot(z) < 0.5,
possibly due to mergers.
In Figure 8, we also compare the evolution of bar
fractions between observations and the simulation. It
is worth emphasizing that it is very difficult to make
an accurate comparison between simulation results and
observations at high redshifts, mainly due to the large
uncertainty in the sample selection and bar measure-
ment. Thus, here we only make a qualitative compari-
son. The high resolution of the Hubble Space Telescope
(HST) enables the detection of bar structures at high
redshifts. Using a large sample of spiral galaxies in the
COSMOS field, Sheth et al. (2008) showed that the bar
fraction increases from ∼ 20% at z ∼ 0.8 to ∼ 65% at
z ∼ 0.2 by tracing back all galaxies brighter than L∗V
with an empirically determined luminosity evolution in
Capak (2003) (M∗V = −21.7 mag at z = 0.9). Addition-
ally, Cameron et al. (2010) demonstrated an increase
bar fraction during z = 0.6 − 0.2 for COSMOS disk
galaxies with 1011M⊙ >M∗ > 10
10.5M⊙. Melvin et al.
(2014) also suggested a sharp increase of overall bar frac-
tion during z = 1.0− 0.4 for massive disk galaxies with
M∗ > 10
10.64M⊙ selected from the COSMOS sample.
The methods used in these observations to trace the
cosmic evolution of bars are similar to our first method
using a constant mass cut. There is a clear discrepancy
between TNG100 bar fractions (blue dots) and observa-
tions (open points), as shown in Figure 8. It may be
due to the fact that only bars with size & 2 kpc can be
detected at z ∼ 1 by the HST images, while high-z bars
measured in TNG100 can be as small as 1.4 kpc. If only
bars of radius > 2.2 kpc are taken into account at all
redshifts to select barred galaxies, which is the same as
Cameron et al. (2010), the bar fraction evolution (solid
magenta dots in Figure 8) becomes roughly consistent
with the results from Cameron et al. (2010) (open tri-
angles). Therefore, the discrepancy of bar fractions be-
tween TNG100 and observations may be due to the fail-
ure of observations to detect short bars. Moreover, short
bars overproduced in TNG100 massive galaxies, as pre-
sented in Section 5.2, may also contribute to the dis-
crepancy between the simulation and observations.
7. CONCLUSIONS
We systematically study the properties of barred
galaxies in the cosmological simulation IllustrisTNG.
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Figure 9. From top to bottom: the number distributions of disk and barred galaxies, and the bar fraction binned by stellar
mass. The results measured at redshifts z = 0, 0.2, 0.5 and 1.0 are shown. The left column shows the results of the sample of
disk galaxies selected by a constant mass cut of M∗ > 10
10.6 M⊙, and the right column is the results obtained by tracing the
progenitors of the z = 0 sample.
Bars are identified from ellipse fitting of the face-on
mass surface density maps of 3866 disk galaxies selected
from a parent sample of 6507 z = 0 galaxies with stel-
lar masses M∗ ≥ 1010.0M⊙ produced from the TNG100
run. A detailed catalog, including the strengths and
sizes of the bars, is publicly released with this paper.
TNG100 represents remarkable progress in that a sig-
nificant fraction of disk galaxies generate reasonable
bars. About 55% of disk galaxies with stellar mass
∼ 1010.6M⊙ host bars, in agreement with observa-
tions. The bars in the simulated galaxies follow a bar
size-stellar mass scaling relation that is roughly con-
sistent with NIR observations. Notwithstanding these
significant successes, some clear discrepancies with ob-
servations remain. For more massive galaxies (M∗ >
1010.6M⊙), the TNG100 bar fraction is ∼ 10% − 20%
higher than observed in the NIR. We attribute this to an
excess population of short (radius ∼ 1.4−3 kpc) bars in
the simulations. The predicted bar fractions align bet-
ter with observations if the massive galaxies with short
bars are counted as unbarred galaxies, suggesting that
TNG100 overproduces, or retains, too many short bars
in massive disk galaxies. At the same time, the bar frac-
tion of galaxies with M∗ < 10
10.6M⊙ decreases drasti-
cally toward the low-mass end, in sharp conflict with
observations. We attribute this discrepancy to the in-
ability of the present modest resolution of TNG100 to
detect bars with radii . 1.4 kpc.
Two methods are applied to trace the evolution of
TNG100 bar fraction during z = 0 − 1. One is to
select disk galaxies at each snapshot using a constant
mass cut of M∗ > 10
10.6M⊙. The other one is to
trace the progenitors of z = 0 massive disk galaxies
of M∗ > 10
10.6M⊙. The bar fraction in TNG100 disk
galaxies are nearly constant at ∼ 0.6 by constant mass
cut, while it decreases dramatically in observations using
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Figure 10. Cosmic evolution of stellar mass (top), bar
strength (εmax; middle) and bar size (R0.85max; bottom) of
TNG100 barred galaxies. The blue dots are the results with
constant mass cut of M∗ > 10
10.6 M⊙, and light blue trian-
gles are the results by tracing the progenitors. Each point
shows the median value at a given redshift, with error bars
corresponding to the 16 and 84 percentiles.
a similar sample selection. We suggest that observations
may fail in identifying short bars of radius . 2 kpc at
high redshifts, or TNG100 have produced too many bars
since z = 1.
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APPENDIX
A. COMPARISON WITH SDSS OBSERVATIONS
Rodriguez-Gomez et al. (2019) generate mock SDSS images for TNG100 galaxies using the SKIRT radiative transfer
code, taking into consideration the effects of the point-spread function and dust attenuation and scattering. The
bar fractions estimated using the mock SDSS r-band images can be directly compared with those derived from SDSS
observations. Since the mock images of TNG100 galaxies are randomly oriented, only the disk galaxies with inclination
angle i 6 60◦ are selected3. This is satisfied by 2790 out of the 3866 disks galaxies initially selected by the Konly
criterion. To ensure proper comparison with the corresponding SDSS observations, barred galaxies are identified both
by ellipse fitting and by visual inspection.
Figure 11 shows that the bar fraction increases as a function of stellar mass, with the dark red squares showing the
ellipse fitting results and the dark green squares showing those based on visual inspection. The bar fractions based
3 Disk inclination is derived from cos i = 1 − εdisk, where εdisk is
the ellipticity of the disk at 2re.
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Figure 11. Bar fractions (fbar) in TNG100 using mock SDSS images. Dark red squares show fbar determined from ellipse
fitting, with the statistics for strong bars highlighted as pink squares. Dark green squares show the fbar determined by visual
inspection. For comparison, we show the SDSS-based values of fbar derived from ellipse fitting (Barazza et al. 2008; Consolandi
2016; Lee et al. 2019) and from visual inspection (Oh et al. 2012; Cervantes Sodi et al. 2015; Gavazzi et al. 2015).
on ellipse fitting are larger than those based on visual classification, in agreement with observational studies (e.g.,
Oh et al. 2012; Lee et al. 2019), which find that ellipse fitting is more sensitive to weak bars. We reconfirm this by
showing the fraction of strongly barred TNG100 galaxies identified by ellipse fitting (pink squares), which is consistent
with the visually estimated bar fraction (dark green squares). Moreover, we find that bars identified in mock images
are larger than 2.5 kpc in radius, which implies that the short bars detected in massive galaxies (see Section 5.2)
cannot be resolved by mock images. Erwin (2018) previously noted that bar radius smaller than ∼ 2.5 kpc cannot be
detected in SDSS images.
We first compare fbar from visual inspection (dark green squares) with SDSS-based visual bar fractions (i.e., Oh et al.
2012; Cervantes Sodi et al. 2015; Gavazzi et al. 2015). At M∗ < 10
10.6M⊙, TNG100 exhibits lower fbar than SDSS,
probably due to low numerical resolution. In contrast, TNG100’s fbar shows excellent agreement with SDSS for
M∗ & 10
10.6M⊙. The mock SDSS images reveal as many long and strong bars as optical SDSS observations. Turning
to the results derived from ellipse fitting, TNG100 yields considerably lower fbar than observed at M∗ < 10
10.6M⊙
but achieves better consistency at M∗ ≈ 1010.6 − 1010.7M⊙ (Barazza et al. 2008; Consolandi 2016; Lee et al. 2019).
The dearth of SDSS data at M∗ > 10
10.7M⊙ precludes a meaningful comparison at the highest mass end.
Note that Barazza et al. (2008) obtain a lower fbar at M∗ ≈ 1010.9M⊙ compared to other studies. We suspect that
this is caused by differences in morphological type. While most studies mainly consider Sa–Sb spirals at the massive
end, Barazza et al. (2008) only focus on Sd and Sm spirals, whose bar fraction is about 20% lower than that of Sa–Sb
spirals (Giordano et al. 2010).
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